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1.  INTRODUCTION:.  In  this  proposal,  we  will  apply  and  expand  our 
bioorthogonal  click-chemistry  strategy  to  simultaneously  label  an 
unprecedented  three  components  of  the  bacterial  cell  wall:  PSA, 
lipopolysaccharide  (LPS),  and  peptidoglycan  (PGN).  With  this  approach,  we 
will  be  able  to  track  a  TLR2  ligand  [PSA),  a  TLR4  ligand  (LPS),  and  a  ligand 
for  NLR  signaling  (PGN)  in  living  bacteria  and  their  host  and  to  follow  these 
molecules  into  specific  host  immune  cells  in  order  to  define  the  pathways 
by  which  protective  or  inflammatory  responses  develop.  This  methodology 
will  also  allow  us  to  visualize  the  spatial  and  temporal  changes  in  bacterial 
product  acquisition  within  diseased  tissue.  Beyond  adding  to  the  basic 
knowledge  of  host-commensal  communication,  an  understanding  of 
microbial  sensing  in  the  gut  will  allow  us  to  design  new  treatments  for  IBD 
patients.  Our  long-term  objective  is  to  use  fluorescently  labeled  commensal 
bacteria  as  a  less  invasive  tool  for  the  study  of  IBD  in  patients.  This 
approach  leverages  the  Kasper  lab’s  expertise  in  commensal  microbiology 
and  carbohydrate  chemistry  with  the  von  Andrian  lab’s  skills  in 
fluorescence  microscopy  and  immunology  to  develop  a  new 
interdisciplinary  platform  for  imaging  and  tracing  bacterial  products  in  the 
gut. 

1.  KEYWORDS:  Bioorthogonal  click-chemistry,  bacterial  cell  wall,  bacterial  outer 
membrane,  peptidoglycan,  lipopolysaccharide,  endotoxin,  capsular 
polysaccharide,  inflammatory  bowel  disease,  microbiome,  microbiota, 
carbohydrate  chemistry,  fluorescent  microscopy,  2 -photon  microscopy,  confocal 
microscopy 


2.  ACCOMPLISHMENTS: 

There  were  three  specific  aims  in  our  proposal. 

Aim  1 .  Incorporate  non-natural  sugars  and  amino  acids  into  lipopolysaccharide,  capsular 
polysaccharide,  and  peptidoglycan  for  live  bacterial-cell  labeling. 

Aim  2.  Use  click  labeling  to  elucidate  the  acquisition  and  distribution  of  commensal 
material  in  vitro  and  in  host  intestinal  tissue. 

Aim  3.  Use  live  intravital  microscopy  to  monitor  changes  in  bacterial-component 
acquisition  during  chemical  and  pathogen-induced  colitis. 


We  have  made  significant  progress  on  all  three  specific  aims  as 
summarized  below.  The  Kasper  lab  has  done  the  chemistry,  microbiology  and 
worked  with  the  von  Andrian  lab  on  the  immunology  and  microscopy.  All  work 
was  done  between  the  two  labs  at  Harvard  Medical  School 


For  our  first  target  (Specific  Aim  1),  we  focused  on  a  macromolecule  that 
is  present  in  nearly  all  bacteria,  including  commensals,  and  is  known  to 
contribute  to  host  intestinal  health  and  disease  progression.  The  PGN 
component  of  bacteria  seemed  an  obvious  choice  as  it  is  a  highly  conserved 
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structural  feature  of  most  bacterial  phyla.  PGN  is  sensed  by  the  innate  NOD- 
like  receptors  in  mammalian  cells,  and  the  strong  link  of  mutations  in  these 
receptors  to  inflammatory  bowel  disease  (IBD)  highlights  their  importance  in 
maintaining  healthy  commensal-host  interactions.  The  promiscuity  of  PGN 
biosynthesis  was  recently  exploited  to  install  non-natural  fluorescent  D-amino 
acids  into  the  PGNs  of  many  aerobic  bacteria  (Fig  la).  Since  cells  use  L-amino 
acids  for  protein  synthesis,  this  method  makes  the  specific  labeling  of  PGN 
possible.  We  wanted  to  determine  whether  this  approach  could  be  used  to  label 
and  track  anaerobic  commensal  bacteria. 

Incubation  of  anaerobic  cultures  with  the  fluorescent  D-amino  acid 
hydroxyl  coumarin  carbonyl-amino-D-alanine  (HADA)  resulted  in  the 
successful  labeling  of  a  wide  range  of  anaerobic  and  facultative  commensal 
bacteria,  including  Bacteroides  fragilis,  Bacteroides  vulgatus,  Parabacteroides 
merdae,  Clostridium  clostridio forme,  Clostridium  ramosum,  Enteroccocus 
faecalis,  Escherichia  coli,  and  Bifidobacterium  adolescentis  (Figs,  la  and  lb). 
In  fact,  we  have  yet  to  find  an  anaerobic  or  facultative  bacterium  that  cannot  be 
labeled  by  growth  with  HADA.  As  a  control,  we  incubated  the  bacteria  with 
the  L-enantiomer  of  the  fluorescent  amino  acid  referred  to  as  HALA;  the 
minimal  background  we  observed  supported  the  specific  labeling  of  the  PGN 
layer  by  D-amino  acid  incorporation.  This  labeling  is  both  time  and 
concentration  dependent,  as  previously  reported,  although  overnight  incubation 
with  HADA  was  optimal,  a  finding  similar  to  our  previously  reported 
metabolic  labeling  conditions  with  GalNAz. 

Given  the  success  of  in  vitro  PGN  labeling,  we  examined  whether  the 
labeled  bacteria  could  be  imaged  and  traced  within  the  natural  niche  of  the  host 
intestine.  B.  adolescentis  and  E.  faecalis  were  labeled  as  described  and 
administered  to  mice  via  oral  gavage  and  direct  intestinal  injection,  respectively. 
As  shown  in  Fig.  lc  and  2a,  the  bacteria  retained  the  PGN  label  and  were 
successfully  imaged  in  tissue  sections  of  the  host  small  intestine  and  colon.  E. 
faecalis  in  particular  was  found  close  to  the  tissue  in  the  proximal  colon  and  in 
the  vicinity  of  CDllc+  antigen-presenting  cells  (APCs,  Fig.  lc).  We  also 
synthesized  the  fluorescein-based  D-amino  acid  fluorescein-D-lysine  (FDL)  and 
labeled  C.  clostridioforme  in  culture,  whose  imaging  in  the  murine  colon  (Figs. 
2b  and  2c)  demonstrated  the  capacity  for  multicolor  labeling. 

Since  exogenous  D-amino  acids  are  not  used  by  mammalian  cells,  we 
reasoned  that  feeding  conventionally  raised  mice  the  fluorescent  D-amino  acid 
might  allow  selective  labeling  of  endogenous  bacteria  (Specific  Aim  2).  We 
administered  HADA  by  oral  gavage  to  specific  pathogen-free  (SPF)  mice  and 
analyzed  the  intestinal  lumen  by  flow  cytometry  and  microscopy.  Confocal 
imaging  of  tissue  histology  slices  from  HADA-gavaged  mice  showed  robust 
labeling  of  the  commensal  bacteria  already  present  in  the  lumen  of  the  small 
intestine  and  the  colon  2  h  and  4  h,  respectively,  after  gavage  (Fig.  Id).  By 
contrast,  the  HALA-gavaged  controls  showed  little  background. 

Since  our  approach  labels  living  bacteria,  we  also  employed  multiphoton 
intravital  microscopy  (Specific  Aim  3)  to  view  the  dynamics  of  host-microbiota 
interaction  in  real  time.  We  have  extensive  experience  in  the  use  of  this 
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technique  for  the  investigation  of  lymphocyte  trafficking  in  living  animals;  to 
our  knowledge,  however,  it  has  not  been  used  to  follow  bacterium-derived 
components  in  the  host.  Mice  were  given  HADA  by  oral  gavage;  after  16  h,  the 
animals  were  anesthetized  and  intestinal  loops  were  surgically  extracted  and 
mounted  for  imaging.  Our  results  showed  robust  labeling  of  the  commensal 
microbes  in  the  small  and  large  intestines. 

There  have  been  two  postdoctoral  fellows  working  on  this  project  and  the 
work  has  afforded  significant  training  in  solving  the  chemical,  immunologic, 
and  microbiologic  aims  of  this  grant.  One  fellow  from  the  Kasper  lab  has  done 
the  chemistry,  microbiology  and  worked  with  the  second  fellow  from  von 
Andrian  lab  on  the  immunology  and  microscopy.  Teaching  has  come  from 
several  sources  including  advise  from  Pi’s  and  senior  lab  members, 
conferences,  and  regular  lab  meetings. 

We  have  nothing  to  report  yet  on  dissemination  of  knowledge  to  the 
community  but  intend  to  have  a  manuscript  by  the  next  reporting  period. 

We  will  continue  to  advance  all  three  specific  aims.  We  will  follow 
fluorescent  labels  into  specific  immune  cells  and  pay  special  attention  to 
macrophages  and  dendritic  cell  uptake.  We  will  also  begin  to  study  uptake  in 
the  setting  of  inflammation.  Finally,  we  will  develop  the  labeling  techniques 
further  for  lipopolysaccharides  of  gram-negative  bacteria. 
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Figure  1.  Fluorescent  D-amino  acid  labels  PGN  in  commensal  bacteria. 

(a)  Schematic  of  metabolic  labeling  of  the  peptidoglycan  of  commensal  bacteria  with 
fluorescent  D-amino  acid  derivatives.  The  addition  of  the  fluorescent  coumarin  moiety  is 
highlighted  in  blue,  (b)  Images  of  various  commensal  bacteria  grown  overnight  in 
medium  with  a  fluorescent  amino  acid:  HADA  or  (as  a  negative  control)  HALA.  Scale 
bar,  10  pm.  (c)  Confocal  image  and  expanded  region  (right)  of  frozen,  fixed  tissue  slice 
of  mouse  colon  1  h  after  injection  of  HADA-labeled  E.  faecalis.  AcOr,  acridine  orange. 
Scale  bar:  left,  50  pm;  right,  10  pm.  (d)  Confocal  images  of  Camoy’s-fixed,  paraffin- 
embedded  tissue  slices  from  mice  2  h  (small  intestine  [SI],  left)  or  4  h  (colon,  right)  after 
oral  gavage  with  HADA  or  (as  a  negative  control)  HALA.  Scale  bar,  20  pm. 
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Figure  2.  Fluorescent  D-amino  acid  labeling  of  gram-positive  bacteria 


a 


c 

Hoechst 

FDL-PGN 


(a)  Confocal  image  of  HADA-labeled  B.  adolescentis  in  Camoy’s-fixed  murine  small 
intestine  1  h  after  direct  luminal  injection.  Scale  bar,  50  pm.  (b)  Images  of  C. 
clostridioforme  grown  overnight  in  1  mM  fluorescein  D-lysine  (FDL)  or  fluorescein  L- 
lysine  (FLL).  Scale  bar,  10  pm.  (c)  Confocal  image  of  FDL-labeled  C.  clostridioforme  in 
formalin-fixed  and  cryosectioned  murine  small  intestine  1  h  after  direct  luminal  injection. 
Scale  bar,  50  pm. 
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4. 


IMPACT: 


The  development  of  the  HADA  labeling  is  an  important  discovery  that  will  enable 
research  considerably  be  being  able  to  follow  essentially  any  bacteria  using 
fluorescent  techniques  into  the  host  or  other  environments. 

This  chemistry  is  also  a  potential  method  for  delivery  of  antibiotics  directly  to  the 
target  in  the  bacterial  cell.  We  are  exploring  the  possibility  of  commercial  impact 
of  this  approach. 

Nothing  to  report  on  impact  beyond  science  and  technology 


5.  CHANGES/PROBLEMS 

Nothing  to  report 

6.  PRODUCTS 

Nothing  to  report 
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